Helicopter-borne observations of the impact of turbulent mixing and cloud microphysical properties in shallow trade wind cumuli are presented. The measurements were collected during the Cloud, Aerosol, Radiation and Turbulence in the Trade Wind Regime over Barbados (CARRIBA) project. Basic meteorological parameters (3D wind vector, air temperature, and relative humidity), cloud condensation nuclei concentrations, and cloud microphysical parameters (droplet number, size distribution, and liquid water content) are measured by the Airborne Cloud Turbulence Observation System (ACTOS), which is fixed by a 160-m-long rope underneath a helicopter flying with a true airspeed of approximately 20 m s
Introduction
Shallow cumuli are the prevailing cloud type of the maritime trade wind region. Despite having diameters of less than 1 km, these small clouds play a major role in the maintenance of the tropical circulation, as they cover a large amount of the oceans (Riehl et al. 1951; Stevens 2005) . They are important for the transport of heat, moisture, and momentum from the ocean surface to the free troposphere (e.g., Tiedtke 1989) . At the same time, they influence boundary layer height and the vertical profiles of temperature, relative humidity, and wind (Bretherton et al. 2004 ).
Shallow trade wind cumuli have been studied for more than half a century (e.g., Stommel 1947; Malkus 1949; Warner 1955; Squires 1958) . However, there are still numerous open questions with regard to their evolution and properties. One of them concerns the process of entraining subsaturated environmental air into the cloud and subsequent mixing with the cloudy air, which was first studied by Stommel (1947) and Squires and Warner (1957) . The mixing process is described by the Damköhler number Da 5 t t /t p , with t t being the turbulent mixing time scale and t p being the phase relaxation time describing the time required to achieve equilibrium vapor saturation because of the evaporation (or growth) of the entire droplet population (Baker and Latham 1979; Baker et al. 1980 Baker et al. , 1984 Jensen and Baker 1989; Lehmann et al. 2009; Kumar et al. 2013) . For Da 1 the turbulent mixing is fast, and the entire droplet population experiences nearly the same thermodynamic conditions. Therefore, this mixing type is called homogeneous. If t p is small compared to t t (Da 1) only Denotes Open Access content.
cloud droplets close to the mixing interface will be affected. This mixing type is called inhomogeneous, and in the literature it is sometimes also referred to as extremely inhomogeneous (e.g., Jensen and Baker 1989) . The two mixing types generate a new thermodynamic environment, which influences droplet size D and droplet number concentration N in a variety of ways (Cooper 1989; Burnet and Brenguier 2007) . Homogeneous mixing decreases D as well as N, whereas inhomogeneous mixing decreases only N, while D remains nearly constant. Therefore, the mixing process can be investigated by analyzing the Damköhler number or the resulting cloud droplet population (D, N), which is the method applied here.
The mixing type is crucial for the evolution of cloud microphysical properties, dynamics, lifetime, and optical properties Grabowski 2006) and is of importance for the first indirect aerosol effect (e.g., Pawlowska et al. 2000) .
Numerous observational and numerical studies have been performed to investigate the mixing process of shallow convective clouds. Up to now, there is no consensus about the prevailing mixing type in shallow cumuli. Some observations suggest that homogeneous mixing is dominant (e.g., Jensen et al. 1985; Jensen and Baker 1989) . Others indicate the inhomogeneous mixing scenario as the prevailing process (e.g., Gerber 2006; Pawlowska et al. 2000) . Some studies do not clearly differentiate between the mixing processes (e.g., Gerber et al. 2008) . Small et al. (2013) , Burnet and Brenguier (2007) , and Lehmann et al. (2009) found both homogeneous and inhomogeneous mixing in shallow cumuli depending on the cloud location. Small et al. (2013) observed that the mixing tends toward the homogeneous scenario for upper parts of the clouds and is rather inhomogeneous in the lower cloud parts. Similar results were found in the modeling studies of Jarecka et al. (2013) . Burnet and Brenguier (2007) and Lehmann et al. (2009) found some indication that the mixing process was connected to the dilution and, therefore, to the evolutionary stage of the clouds.
These findings motivated the current detailed study of the mixing process in shallow trade wind cumuli as a function of the cloud evolutionary stage. Observations of Katzwinkel et al. (2014) suggest three stages in shallow cumulus evolution: ''actively growing,'' ''decelerated, '' and ''dissolving. '' This classification is based on updraft velocity and buoyancy in the cloud interior. Moreover, Fig. 8 of Katzwinkel et al. (2014) conceptually identifies large-scale dynamics of clouds, which are highly relevant for the microphysical response considered in this manuscript.
Data obtained during the Clouds, Aerosol, Radiation and Turbulence in the Trade Wind Regime over Barbados (CARRIBA) campaign (Siebert et al. 2013 ) are analyzed in this paper. CARRIBA is based on observations obtained by the helicopter-borne measurement payload Airborne Cloud Turbulence Observation System (ACTOS; Siebert et al. 2006a) , plus a radiation measurements system (Werner et al. 2013 (Werner et al. , 2014 . ACTOS yields high-resolution data of turbulence, thermodynamics, and cloud microphysical parameters. These high-resolution data were used to study the mixing process in shallow cumuli during different stages of their evolution. This is particularly challenging for cumuli with diameters on the order of a few hundred meters, which are common in the trade wind regime and are difficult to characterize by fast-flying research aircraft.
In section 2, a brief introduction of the CARRIBA campaign and the ACTOS payload is given. In section 3, the methods used in this study are introduced. Cloud microphysical properties, as well as an illustration of the mixing diagram with dependence on the cloud evolution, are given in section 4. This section also contains a statistical analysis of the mixing process based on mixing diagrams for clouds of different evolutionary stages. Section 5 provides a summary and the conclusions.
Experimental
a. The CARRIBA campaign CARRIBA consisted of two phases, which were performed near Barbados in November 2010 and April 2011. The analysis presented here is focused on the November campaign. Characteristics of the Caribbean are the steady and uniform meteorological conditions in terms of stratification, almost constant sea surface temperature, an inversion height of approximately 3000 m, and prevailing easterly winds. All helicopter-borne measurements started with an initial profile up to approximately 2500 m followed by a number of horizontal legs in different heights under cloud-free conditions. The second half of a measurement flight was typically used to sample clouds around cloud top at relatively constant heights. However, because of changing cloudtop heights, flying at a constant height would result in a low number of sampled clouds. Therefore, the sampling altitude was adjusted, and the sampled clouds are normalized by their adiabatic value for further analysis (see section 3a). The majority of the clouds were sampled at an altitude range between 1000 and 2000 m. The cloud data were collected during horizontal flight patterns at about 100 m below the top of the cumuli. Deeper penetrations into the clouds or vertical profiling were not possible because of flight restrictions of the helicopter. The observed shallow cumuli had an average cloud-base height of approximately 500 m. Cloud droplet diameters ranged between 5 and 40 mm on days that were characterized by relatively high aerosol conditions. On days with clean conditions, often a drizzle tail could be observed with droplet sizes up to 80 mm. Also, many of the observed size distributions showed a bimodal character. Mean cloud droplet number concentrations ranged between 70 and 135 cm
23
. More information about general conditions during CARRIBA can be found in Siebert et al. (2013) .
b. ACTOS payload
Meteorological, turbulence, aerosol particle, and cloud microphysical parameters were sampled by instruments installed on the helicopter-borne measurement platform ACTOS (Siebert et al. 2006a (Siebert et al. , 2013 . ACTOS is approximately 5 m long and has a mass of about 200 kg. It is attached to the Spectral Modular Airborne Radiation Measurement measurement system (SMART-HELIOS; Werner et al. 2013 Werner et al. , 2014 by means of a 140-m-long rope. SMART-HELIOS, in turn, is attached to the helicopter using a 20-m-long rope. The helicopter flies with a true airspeed of about 20 m s
21
, which is a compromise between a stable flight position and no influence from the rotor downwash. ACTOS is an autonomous system where data are sent to the helicopter via a telemetry connection enabling online monitoring of the data. The time for a measurement flight is limited to 2 h, and the platform can be operated up to a maximum altitude of about 3000 m.
An ultrasonic anemometer (Solent HS, Gill Instruments Ltd., United Kingdom) measured the threedimensional wind vector. The data were corrected for attitude and platform motion by means of a GPS-aided inertial navigation system. In-cloud temperature measurements were carried out with an ultrafast thermometer (UFT) with an accuracy of 0.2 K (Haman et al. 1997 ). The device is based on a resistance wire with a diameter of 2.5 mm. A shielding rod in front of the wire prevents droplet impacts on the sensor, which yields reliable temperature measurements within clouds (e.g., Siebert et al. 2006a) . To measure absolute air humidity, an open-path infrared absorption hygrometer (LI-7500, LI-COR Inc., United States) and a dewpoint hygrometer (TP 3-S, MeteoLabor, Switzerland) were used. All instruments have a temporal resolution of at least 100 Hz, which yields a spatial resolution down to the decimeter scale. More detailed information on these instruments can be found in Siebert et al. (2006a) . Measurements of cloud condensation nuclei (CCN) were obtained using a mini-CCN counter (Roberts and Nenes 2005) operated at a supersaturation of 0.26% with an uncertainty of about 10%, which is mainly limited by the counting statistics.
For cloud microphysical measurements, a phase Doppler interferometer (PDI) was used (Chuang et al. 2008; Wendisch and Brenguier 2013) . The PDI measures size and velocity of individual droplets based on the analysis of laser light scattered by the droplets. Two identical laser beams intersect and form the sample volume. A passing droplet scatters the laser light onto three spatially separated detectors. From the phase shift between the detected signals, the droplet size is derived. Also, based on the Doppler frequency shift, the velocity of the droplet is determined. The droplet sizes range from 1 to 180 mm with an uncertainty of 61 mm (Chuang et al. 2008) . Cloud droplet number concentration N, mean volume diameter D y , and liquid water content (LWC) were derived from the PDI measurements using the following equations:
, and
where A p is the cross section of the sample volume, t tot is the integration time, n c(i) is the number of droplets per size bin where each bin has a width of 1 mm, jy i j is the average absolute velocity per size bin, d i is the mean diameter per bin, and r w the density of liquid water. The droplet number concentration is corrected for size dependence of the sample volume following Chuang et al. (2008) .
Methods

a. Estimating adiabatic cloud properties
At cloud base, a certain number of aerosol particles will be activated to cloud droplets. During adiabatic lifting of the cloudy air parcel, no further activation occurs, and the droplet number concentration remains constant at its adiabatic value N ad .
Because no measurements with ACTOS at cloud base are available, N ad will be estimated from CCN observations in the subcloud layer (SCL), which is assumed to be well mixed. Here, the 95th percentile of CCN concentration measured in the SCL is used because, as
shown by Ditas (2014) , the prevailing supersaturation was often larger than the supersaturation used for the mini-CCN counter. Although Topping et al. (2013) showed that using CCN concentration as a proxy for N ad might result in an underestimation, at the moment there is no better way to estimate the adiabatic droplet concentration. LWC will increase nearly linearly during the lifting of the cloudy air parcel, and the adiabatic LWC can be calculated using the first law of thermodynamics:
where z cb is the height of cloud base, r is the density of air, g is the acceleration due to gravity, L 5 2. 
To calculate LWC ad , the cloud-base height has to be estimated. From constant low-level flights at the height z over the sea, the mean temperature T(z) and dewpoint temperature T D (z) are derived with an estimated accuracy of 0.2 K for both parameters. With the known lapse rates dT/dz and dT D /dz, the height where T(z cb ) 5 T D (z cb ) can be calculated:
where z s is the sea surface height. 
Next, we consider the absolute error of estimated N ad . Ditas (2014) compared measured CCN at a supersaturation of 0.26% with measured activated particles [see, e.g., Fig. 4 .12b in Ditas (2014) ]. Both number concentrations differ by about 20%, which we consider as the error for N ad . Therefore, we find the following:
This discussion of the accuracy of the measurements is important for the following analysis of the mixing diagrams.
b. Classification of shallow cumuli with respect to evolution stage
A typical feature of the trade wind area is the concurrent presence of clouds at different stages of evolution. Actively growing clouds can be observed next to dissolving ones. This is caused by the permanent triggering of development of shallow cumuli under almostconstant thermodynamic and dynamic conditions. The three cloud life cycle stages (actively growing, decelerated, and dissolving) following Katzwinkel et al. (2014) are defined by the 90th percentiles of vertical wind velocity w and buoyancy acceleration B in the cloud interior. As in Katzwinkel et al. (2014) , the cloud interior is defined as the region with LWC . 0.2 g m 23 .
The actively growing clouds are characterized by positive buoyancy and updrafts (B . 0 and w . 0). The decelerated clouds are negatively buoyant but still exhibit an updraft (B , 0 and w . 0). The dissolving clouds reveal negative buoyant cloud interiors with downdrafts (B , 0 and w , 0). This classification is based on the measured vertical velocity and the calculated buoyancy B 5 g 3 (u y 2 u y )/u y , where u y 5 u(1 1 0.61q t 2 1.61q l ) is the virtual potential temperature, q t and q l are the total and liquid water mass mixing ratios, and the overbar denotes the cloudfree environmental mean value calculated for each cloud individually. Closely following the principles made by Katzwinkel et al. (2014) , only clouds fulfilling the following criteria were analyzed: the cloud interior region has to have a diameter of at least 20 m, and the distance between one cloud and its neighbor has to be at least 60 m to avoid cloud edges being affected by other clouds. Even though we follow the method used by Katzwinkel et al. (2014) , we decreased the distance between two clouds from 100 to 60 m to increase the number of dissolving clouds for our analysis. Generally, a cloud is defined to be present when LWC . 0.02 g m 23 .
A total of 177 active, 91 decelerated, and 32 dissolving clouds were classified. The disproportion results from the flight strategy aiming at well-developed shallow cumuli, as well as from the strict criteria for individual clouds. Some of the dissolving clouds might have toolow LWC or might be too narrow in diameter. The analysis of this work focuses mainly on the actively growing and the dissolving clouds, as the decelerated cloud stage can be seen as an intermediate state between these two cloud stages.
The classification has some limits because of the fact that most of the measurements are performed about 100 m below cloud top. It might occur that the top of an actively growing cloud was sampled, but this region might belong to an overturning eddy, and therefore the cloud would be falsely classified as a dissolving cloud.
c. The mixing diagram Jensen et al. (1985) analyzed the dependence of the droplet concentration N on the fraction of cloud-base air F in a sample of cloudy air. Based on this N-F diagram, Burnet and Brenguier (2007) (6)]. An example for such a diagram is given in Fig. 1 by Lehmann et al. (2009) . The mixing diagrams contain isolines for homogeneous mixing (saturation lines), which represent the change in the [N n ; D 3 y,n ] values if entrainment and mixing of environmental air with a certain subsaturation takes place and all droplets are assumed to respond uniformly. Data points falling on the saturation lines indicate that the mixing process is homogeneous. The droplet size distribution is shifted toward smaller diameters, and N is reduced because of dilution. Also, data points located to the right of the saturation line for the environmental relative humidity (RH) cannot be physically explained by mixing. In the case of inhomogeneous mixing, data points lie on a horizontal line. Consequently, no shift of the size distribution is observed; only a reduction of the cloud droplet number occurs, as a subset of the droplets evaporates completely. As additional information, the mixing fraction similar to Kain and Fritsch (1990) ,
which describes the fraction of entrained air, is included in the mixing diagrams. Here, q t is the total water mixing ratio, the subscripts e and c denote the environmental and cloud values, and the overbar marks the mean value. For nonadiabatic conditions, x is a measure of the relative dilution of cloud regions with respect to the maximum observed total water mixing ratio within the respective cloud.
d. Statistical mixing analysis
To classify the mixing process of all considered clouds, two methods are applied. The first is based on the mixing diagrams described in the previous subsection. The spread in the droplet size DD 3 y,n , which is defined as the difference between the maximum and the minimum value of D 3 y,n for a single cloud, is determined for each diagram individually. Large DD 3 y,n values are taken as an indicator for homogeneous mixing, whereas small values represent inhomogeneous mixing.
As another strategy, a D y susceptibility a is defined based on the principles introduced by Feingold et al. (2001) . This quantity describes the relative change in D 3 y,n related to the relative change in N n and is given by the following:
To estimate a theoretical maximum value of the D y susceptibility a max , we consider a homogeneous mixing line for RH 5 83%, which is the 10th percentile of the observed RH in the close vicinity (20-m distance from cloud edge) of all analyzed clouds. In a log-log diagram
the homogeneous mixing line is fitted linearly in the range of 0:7 , D 3 y,n , 1 to take into account the nonlinear character of these homogeneous mixing lines. The slope of this fit represents the theoretical maximum value, with a max 5 1.66. Therefore, a 5 1.66 indicates perfectly homogeneous mixing, whereas a 5 0 corresponds to perfectly inhomogeneous mixing. (Fig. 3a) and LWC n (Fig. 3c ), large differences are obvious for both the different cloud regions and different cloud stages. LWC n is smaller for the edges (gray shaded boxes) compared to the interior (white boxes) of the clouds, as expected from the definition of cloud interior (LWC . 0.2 g m 23 ). Also, for the cloud interior, some observations of LWC , 0.2 g m 23 were made, especially for the dissolving clouds. This is a result of the inhomogeneities [e.g., cloud holes, see Werner et al. (2013) ] connected to shallow cumuli, which can result in a large variability in LWC, even close to the cloud-core region. In our analysis, we only include clouds where periods with significant dips in LWC are shorter than 2 s. The behavior of LWC n reflects especially in N n , which has a median value that is more than twice as large for the interior compared to the edges of the clouds because of the continuous entrainment of subsaturated air. The spread in both parameters is larger for the interior regions compared to the edges. Also, for the dissolving stage, the median values of N n and LWC n decrease to approximately half of the value observed for the active stage for both the interior and the edges.
These findings can already be used to get a first idea of the mixing processes occurring in these clouds: Burnet and Brenguier (2007) analyzed data from the Small Cumulus Microphysics Study (SCMS) experiment and found that these clouds showed features of both homogeneous and inhomogeneous mixing. They observed homogeneous mixing when the cloud LWC was slightly diluted and inhomogeneous mixing when the LWC was more diluted. Therefore, it is likely that the dissolving clouds mix rather inhomogeneously, whereas the actively growing clouds tend to mix more homogeneously.
The differences in D y,n for the two stages, shown in Fig. 3b , are comparably small. For the cloud interior, the median of D y,n shows a small decrease from 0.83 for active clouds to 0.77 for dissolving clouds. The same holds true for the cloud edges, which show a slight decrease from 0.76 to 0.73. It appears that D y,n stays almost constant for cloud interior and cloud edge as well as for the transition from the active to the dissolving stages. This leads to the assumption that, during the transition from the active to the dissolving stages, the droplet size does not change significantly, and the reduction in LWC, as observed in Fig. 3c , is mainly due to a reduction in droplet number. This indicates that dissolving clouds might tend to mix rather inhomogeneously, as the described feature represents the characteristics of inhomogeneous mixing (e.g., Jensen et al. 1985) .
In Fig. 3 the mean droplet size is analyzed by using height-independent normalized values. As a next step, the droplet size distribution is investigated for the active and dissolving cloud stages by looking at the mean droplet size D, the spectral width s, which is the standard deviation of the size distribution, and the spectral dispersion s/D. Both parameters are a function of height (e.g., Warner 1969 ). This analysis is motivated by the hypothesis that the mixing process may cause a broadening of the size distribution (e.g., Warner 1969; Telford   FIG. 2 . Box-and-whisker plots of 90th percentile of (a) vertical wind velocity and (b) buoyancy acceleration. The box represents, as in all box-and-whisker plots in this work, 50% of the data and contains the median value. The whiskers mark the 12.5th and 87.5th percentile, thus representing 75% of the data.
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and Chai 1980; Baker et al. 1980; Su et al. 1998; Burnet and Brenguier 2007) . Therefore, we focus again on the actively growing and the dissolving stage of evolution. Figure 4a shows the profile of D; each data point represents the mean droplet size for the respective height interval of 200 m to account for the increase in droplet size with increasing altitude. For the height range between 1000 and 1800 m, an increase in D is observed for both cloud stages. Above this altitude a slight decrease in the mean droplet size is found. For the altitude of 2400 m, a smaller number of cloud droplets was detected, which makes these data points statistically less significant compared to the ones for lower altitudes. Active clouds have larger D throughout the entire profile with a mean difference between the two stages of about 2.3 mm. Figure 4b shows the profile of s for the two stages. At the lowest observation heights, s is about 4 mm, whereas at the highest altitude, s is approximately 8 mm. Such an almost-linear increase of s with increasing altitude is similar to observations (e.g., Arabas et al. 2009 ). The linear fit for both cloud stages is nearly identical, which indicates that the difference in s between the two stages is minor. Therefore, it is concluded that the observed droplet size distributions broaden with height, and there is no significant difference for active and dissolving clouds. In Fig. 4c , a profile of the mean spectral dispersion is shown for the active and dissolving clouds. An increase with height can be observed, especially for the dissolving clouds. When analyzing the cloud droplet size distribution of the observed clouds, three different types of size distributions could be found. Some clouds showed monomodal distributions with only one distinct peak at small droplet sizes in the range between 10 and 20 mm. Other clouds showed a bimodal structure in their droplet size distributions, with a small mode peaking at about 10 mm. To measure the significance of the individual modes, Gaussian fits are applied, and the absolute number of droplets X i of the ith mode with the size range m d,i 6 s d,i is calculated. Here, m d,i is the mean and s d,i is the standard deviation of the Gaussian fit. The value X 1 is the number of droplets in the small mode, and X 2 is the number of droplets in the main mode. This small mode might be an indication for secondary activation (Warner 1969) , which has the potential to significantly increase the total droplet number concentration and has to be considered in the upcoming analysis. Therefore, a threshold of X 1 /X 2 , 0.5 is introduced, where   FIG. 3 . Box-and-whisker plots of (a) normalized cloud droplet number concentration, (b) normalized mean volume diameter, and (c) normalized liquid water content for actively growing and dissolving clouds. Open boxes represent cloud-interior data, and gray-shaded boxes represent cloud-edge data.
secondary activation is considered to be nonsignificant for the following analysis in sections 4c and 4d. For X 1 /X 2 . 0.5 the impact of secondary activation is considered to be significant. An example of the three types of droplet size distributions is given in Fig. 5 . From the 300 observed clouds, 9% show pure monomodal distributions, 45% show bimodal distributions with no significant impact from secondary activation, and 46% show bimodal distributions where secondary activation is significant. A more detailed discussion of the subject of secondary activation is given in section 5a.
c. Mixing diagram analysis
An example of a mixing diagram is shown in Fig. 6 
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activation, according to our definition (section 4b).
Figures 6a and 6b show a clustering of data points around the saturation line for 99% RH, indicating homogeneous mixing, but at a higher RH than the environment (RH 5 80%). Data points with small x are derived from the interior of the cloud and also show the largest values of N n and D 3 y,n . Data points from the cloud edges show larger x values, indicating that, because of mixing, the fraction of entrained air is between 67% and 100% relative to the maximum observed q t,c . The cloud represented by Fig. 6c also seems to have undergone homogeneous mixing, even though the data points are not directly placed on one homogeneous mixing line but are clustered between the lines of 90% and 99% RH. Based on section 3a, an absolute error of DN n ' 0.2 and DD 3 y,n ' 0.2 is estimated. It should be noted that this error is the same for all data points in the diagram. Therefore, the data ensemble would only be shifted, but the structure remains the same. This can explain why the red data points in Fig. 6c are located slightly to the right of the thick saturation line (but cannot explain the points lying to the right of the thick saturation line in Figs. 6d and 6e, as discussed below). Again, data points with the largest values of N n and D 3 y,n have the smallest x values, whereas data that deviate the most from adiabatic conditions have the largest x values. For all three active clouds, the D 3 y,n values derived from the cloud interior decrease from almost 1 to about 0.6 (Figs. 6a,b) and 0.4 (Fig. 6c) . Cloud-edge data show even lower normalized diameters down to 0.2. The normalized cloud droplet number concentration is mostly larger for the interior than for the edges. The value of N n ranges from 0.2 to 0.7 (Figs. 6a,b) and even up to 1.0 (Fig. 6c) for the interior and reaches maximum values of 0.6 (Fig. 6c) for the cloud edge.
Figures 6d-f show mixing diagrams for dissolving clouds, where data points with the lowest x belong to the largest N n , even though for the droplet size only relatively low normalized values are observed. The diagrams show points located horizontally at D 3 y,n of about 0.5 (Figs. 6d,f) and about 0.3 (Fig. 6e ). An error in D y,ad due to DN ad 5 20% (see discussion in section 3a) can only explain a horizontal displacement of approximately 10%. Therefore, the observed horizontal distribution at D 3 y,n ' 0:5 or lower is not attributed to measurement uncertainties. Also remarkable are the high normalized number concentrations observed in Figs. 6d and 6e, which are close to adiabatic conditions. The position of data points to the right of the saturation line corresponding to the environmental relative humidity cannot be explained by mixing alone. Both clouds have droplet size distributions with a significant small mode; therefore, secondary activation, which acts as a local droplet source, is most likely the cause of the high N n values to the right of the thick saturation line. Also, the derivation of the horizontally distributed data points from D 3 y,n 5 1 could be explained by this mechanism. For all three dissolving clouds, the data points observed from the edge of the clouds correspond to low N n values, whereas the interior data shows larger normalized number concentrations. The cloud shown in Fig. 6f is not significantly affected by secondary activation. This cloud shows mostly low x values in the interior, which implies that this cloud region is uniformly diluted with respect to the maximum observed q t,c . Also, it is assumed that max[q t,c ] deviates significantly from the adiabatic value of q t,c . Based on Fig. 6 , the hypothesis is made that there is a trend for a transition from homogeneous toward inhomogeneous mixing as the clouds evolve from the actively growing to the dissipating stage. In actively growing clouds the droplet size and droplet number concentration decrease as a result of homogeneous mixing. When the cloud reaches the dissipating stage, the droplet size deviates significantly from its adiabatic value because of the reduction in size when the cloud was still at the actively growing stage. Because of inhomogeneous mixing, the cloud droplet size remains then rather constant, but the droplet number concentration decreases strongly in the dissolving clouds, and the data points are located almost horizontally at lower values of D 
from Lehmann et al. (2009) , which shows inhomogeneous mixing in a dissipating cloud.
d. Statistical mixing analysis
The spread in the cubed droplet size DD 3 y,n is calculated for all individual clouds based on the respective mixing diagrams where no discrimination between cloud edge and interior data is applied. Figure 7 shows the probability density function (PDF) of DD values ranging up to 0.9. Also, the dissolving stage shows a large probability for DD 3 y,n values below 0.4 when compared to the actively growing stage. This is reflected in the median values of DD 3 y,n , which are 0.51 for active clouds and 0.21 for the dissolving stage. The larger spread for the actively growing clouds indicates a trend toward homogeneous mixing, whereas the smaller spread for the dissolving clouds supports the finding of the mixing diagrams of inhomogeneous mixing. The same analysis is done for clouds that are significantly affected by secondary activation. The results are not shown here, as they show no significant difference between the cloud evolutionary stages with median values of 0.37 for the actively growing clouds and 0.31 for the dissolving clouds.
In Fig. 8 , the analysis of the D y susceptibility a is performed using a log-log diagram. For each cloud stage, the median value of ln(D 3 y,n ) in bins of ln(N n ) is calculated and plotted. Bars denoting the 25th and 75th percentile of D 3 y,n are given for each bin. The data are fitted linearly, and the slope represents a for the respective cloud stage. The value of a is analyzed for both clouds showing purely monomodal droplet size distributions (Figs. 8a,b) and clouds showing significant secondary activation (Figs. 8c,d) . No distinction between cloud interior and edge has been made.
The actively growing clouds with purely monomodal size distributions show a relatively large D y -susceptibility value of a 5 0.21, whereas for the dissolving clouds with purely monomodal distributions, a 5 0.0 is obtained. Regarding clouds showing significant signs of secondary activation, no difference in a is found, as for both cloud stages a 5 0.03 is obtained. The relatively low correlation coefficients R are due to the rather low number of observed clouds.
To summarize, we found that when only taking into account clouds with purely monomodal droplet size distributions, the actively growing clouds have a larger decrease in diameter as the number concentration decreases compared with the dissolving clouds. It is concluded that the homogeneity of mixing decreases with cloud stage from active to dissolving, even if actively growing clouds are not close to pure homogeneous mixing (i.e., a ' 1.66). Also, part of the deviation from perfect homogeneity may likely be due to more complicated factors, such as secondary activation, which tend to mask the signature of homogeneity.
Discussion
The mixing diagrams presented in section 4 show features that cannot be explained using the theory of FIG. 7 . PDF of the spread in droplet mean volume diameter for (a) actively growing clouds and (b) dissolving clouds, which show no signs of significant secondary activation. The median value is given in each panel.
homogeneous and inhomogeneous mixing. The existence of data points with relatively constant D 3 y,n , 1 but high N n of approximately 1 (cf. Fig. 6e , for example) needs to be discussed. These high values of N n are sometimes even above the mixing line for the lowest relative humidity (thick mixing line in Fig. 6 ). That is, sources other than mixing have to be considered to explain the high values of N n . Secondary activation, which has the potential to produce a large number of small droplets, is most likely the process behind these findings. Moreover, as already discussed in section 4b, 46% of the observed clouds have droplet size distributions that show signs of significant secondary activation. Therefore, this process is discussed in section 5a as one explanation. Also, the strong reduction of N n and LWC n at almost-constant values of D y,n during the transition from the active to the dissolving stage indicates dilution that might be a result of entraining almost saturated but droplet-free air into the cloud, which motivates an investigation of possible humidity shells around the clouds (section 5b).
a. Secondary activation
Secondary activation of CCN is a well-known process that can explain a significant proportion of small droplets that is sometimes observed at higher altitudes than the cloud base (Baker and Latham 1979; Paluch and Knight 1984; Austin et al. 1985; Hill and Choularton 1985; Stith and Politovich 1989; Paluch and Baumgardner 1989; Pontikis and Hicks 1993; Brenguier and Chaumat 2001) . Also, in large-eddy simulation (LES) studies, this phenomenon was observed to produce small droplets in the mixing zone well above cloud base (Slawinska et al. 2012) . The occurrence of secondary activation seems a plausible explanation because of the weak condensational sinks due to low cloud droplet number concentrations of 100-200 cm 23 observed during CARRIBA. There are different possible mechanisms to obtain [N n ; D 3 y,n ] data, as presented in Fig. 6g , and at least 48 other clouds for which the mixing diagrams are not explicitly shown here.
For the discussion of secondary activation, the evolution of supersaturation, described by dS/dt 5 a 0 w 2 bN(D/2)S, is the controlling factor. Here, S is the supersaturation, and a 0 and b are thermodynamic coefficients. Also, in liquid water clouds the quasi-steady supersaturation S qs 5 a 0 w/[bN(D/2)] defines the equilibrium supersaturation, which is reached when an increase (decrease) in RH is balanced by the depletion (release) of water vapor by cloud droplets (Cooper 1989; Rogers and Yau 1989; Korolev and Mazin 2003) . Droplet size and number, as well as w, determine the amount of S. Therefore, it is essential that the mixed fraction of environmental air into a positively buoyant cloud parcel is sufficiently small so that the parcel will remain positively buoyant with an updraft velocity. Because of adiabatic expansion, RH will increase in such a rising parcel.
In the case of homogeneous mixing, the environmental and cloudy air mix instantaneously. Because of the reduction in droplet size and number concentration, the adjusted S qs will be larger than its initial value before the mixing process. The largest and most hygroscopic CCN, which were transported into the cloud during the entrainment process, likely have a critical supersaturation below S qs and will be activated.
During inhomogeneous mixing, a large portion of the environmental air that is mixed into the cloud remains separated from the cloudy air for the time span of the turbulent mixing time scale t t . As the entrained parcel rises, a linear increase in RH in this parcel occurs, because there are no droplets to act as sinks. If the environmental air is sufficiently humid (close to saturation, as was observed during the measurements), then RH could reach 100% and beyond, which leads to the activation of CCN until the number of droplets is large enough to deplete the supersaturation and relax to a quasi-steady value. The progress of this process is limited by t t , w of the cloud, and the initial RH of the entrained air. It is possible to estimate the maximum increase in supersaturation during one eddy turnover by looking at the equation for evolution of supersaturation: dS/dt 5 a 0 w 2 bN(D/2)S. Because of dilution and complete evaporation of the cloud droplets, the equation will reduce to dS/dt 5 a 0 w. We assume that dt 5 t t , where t t 5 (L 2 E /«) 1/3 is the time needed for an eddy with initial dimension L E to be completely mixed in a turbulent environment with the local energy dissipation rate «. Assuming L E 5 100 m and « 5 10 23 m 2 s 23 , as well as w 5 1 m s 21 and a 0 5 5 3 10 24 s 21 , an increase of 10% in S can be reasonably expected during one mixing time scale. Therefore, especially if almost-saturated air is mixed into the cloud, saturation can plausibly be reached and supersaturations adequate for secondary activation can be produced. Figure 4d shows a profile of the difference between the mean volume diameter D y and the arithmetic-mean droplet diameter D for the actively growing and the dissolving clouds. For the dissolving stage, this difference increases with height, which indicates that the number of small cloud droplets increases significantly with height, compared to the active stage. This provides evidence that secondary activation takes place at some point in the evolution of the observed dissolving clouds. Krueger (2008) studied the entrainment mixing process using an Explicit Mixing Parcel Model, which calculates the growth of thousands of individual droplets based on each droplet's local environment. By entraining CCN with a number concentration identical to the CCN concentration at cloud base, as well as subsequent lifting of the mixed parcel, similar results were obtained as in Figs. 6d and 6e . In their case [Fig. 12 in Krueger (2008) ] the normalized droplet size also decreased to about 0.4, whereas the droplet number was close to that expected in an adiabatic parcel.
Even without mixing, secondary activation would be possible if there were some larger cloud droplets that can serve as collector droplets in the cloud. By collision and coalescence with smaller cloud droplets, N would be reduced, which would again lead to an increase in S qs (Pontikis and Hicks 1993) . Of the observed clouds that showed signs of secondary activation, 65% showed also broad size distributions containing some droplets with diameters greater than 50 mm.
b. Humid shells
Another explanation of the observed large changes in LWC and N but nearly constant D y in Fig. 3 is the entrainment of nearly saturated air. Similar results were obtained by Paluch and Knight (1984) , Latham (1990), and Gerber et al. (2008) , who found a predominance of large changes in LWC accompanied by steady values of D y (or effective radius r e ). Entrainment of environmental air that is almost saturated results in only minor evaporation of cloud droplets in the mixing zone (Burnet and Brenguier 2007; Gerber et al. 2008) , and the mixing process reduces to simple dilution. To corroborate this idea, the cloud environment is investigated in terms of a possible humid shell surrounding the cloud. Such shells-also called humidity haloshave been observed by aircraft measurements (e.g., Malkus 1949; Ackerman 1958; Perry and Hobbs 1996; Lu et al. 2003; Laird 2005) and by modeling studies (e.g., Slawinska et al. 2012 ) and seem to be typical features of trade wind cumuli. Figure 9 shows a cross section of w (black line) and the absolute humidity a (blue line) in representative clouds at the actively growing and dissolving stage. The cloud in terms of LWC is shown as a gray area, and the edges of each cloud are marked by a solid vertical line. It is quite obvious that, for each cloud, a region directly adjacent to the cloud edges is found, where a is still relatively high compared to environmental values. That is, the clouds are surrounded by a humid shell with a horizontal dimension on the order of a few tens of meters.
As a first step, we are interested in the general existence of such a humid shell for the different cloud stages. Therefore, the following simple criteria are applied to identify a humid shell: the shell has to be positioned in the downdraft area outside the cloud (LWC , 0.02 g m 23 ), and a has to be larger than the median value of a in the nearby cloud-free environment. In Fig. 9 , this humid shell region is shaded light gray in the graphics, and its end is marked by a dashed vertical line. The horizontal extent of these shells is highly variable and ranges from 20 to 1000 m and also differs for downshear and upshear sides of the cloud. To study the humid shells statistically, the 90th percentile of the absolute humidity in the shell a shell is related to the 90th percentile of a in the cloud interior a int by taking into account the median of the environmental value of a (a env ):
In the case of b 5 0 there is no humid shell for the respective cloud, whereas b 5 1 indicates that the shell is as humid as the cloud interior. The ratio b is independent of differences in the measurement heights and the general day-to-day variability of cloud measurements. Figure 10 (Telford and Warner 1962) . Heus and Jonker (2008) analyzed subsiding shells around shallow cumuli using LES, and Katzwinkel et al. (2014) observed such shells around shallow cumuli sampled during CARRIBA. Both found that the horizontal extension of these subsiding shells increases with increasing cloud age.
To analyze the horizontal extent of the humid shell around the cloud at a certain height level, the approach presented by Perry and Hobbs (1996) is used. The humidity around the cloud is expressed as decaying exponentially from the average absolute humidity in the cloud interior a cloud to the average absolute humidity in the cloud-free environment a env , which is not influenced by the subsiding shell. Therefore, a at the outer edge of the humid shell is arbitrarily defined based on the e-folding decay of the profile of a, and the humid shell is the region in which a around the cloud exceeds the e-folding value a e :
We are aware of the problem that not all humid shells follow exactly an exponential function, but a more detailed study of the shell width is beyond the scope of this paper. The width of the humid shell is shown in Fig. 11 for the actively growing and dissolving cloud stage in terms of a box-and-whisker plot. The median shell width differs significantly for the two cloud evolutionary stages with a median width of approximately 30 m corresponding to the dissolving stage. The actively growing clouds show a comparably small median width of about 0.8 m. The minimum and maximum values show a strong increase of about two orders of magnitude during the transition from the active to the dissolving clouds. The maximum observed width of the humid shell exceeds 100 m for the dissolving cloud stage. These results agree well with the findings from Heus and Jonker (2008) and Katzwinkel et al. (2014) . An analysis of the impact of shear on the shell width did not yield any clear results and is therefore not included in the analysis. As the humid shells grow to the length of L E , the mixing of entrained air approaches pure dilution with no evaporation taking place. If the entrained air parcel experiences lifting, then secondary activation is very likely to occur because of the very high RH. Therefore, the existence of broad humid shells as observed for the dissolving clouds favor the process of secondary activation. Because of the generally negative vertical velocity associated with dissolving clouds, this can only occur locally.
It is often stated that it is impossible to distinguish between homogeneous and inhomogeneous mixing if the environmental air is close to saturation. The classical picture of inhomogeneous mixing is entrainment of unmodified environmental air and subsequent complete evaporation of portions of the cloud, while the cloud core is preserved, until the mixture of clear but humidified air is able to mix thoroughly with the cloudy air. The result is simple dilution on the mixing diagram. The humid shell can be viewed as the product of that initial stage of inhomogeneous mixing, and the subsequent mixing of humid-shell air with the cloud can be viewed as the final stage of inhomogeneous mixing. Therefore, we consider the humid shell as part of the inhomogeneous mixing process. This is consistent with the schematic of Fig. 8 in Katzwinkel et al. (2014) , where the evolution of the different cloud regions over time is illustrated.
Summary
The mixing process of environmental air into shallow trade wind cumuli is analyzed based on data sampled during the CARRIBA campaign in November 2010 near Barbados. The analysis is based on helicopterborne measurements performed with the payload FIG. 10 . PDF of b 5 (a shell 2 a env )/(a int 2 a env ), where a shell is the 90th percentile of the absolute humidity a in the humid shell around the cloud, a int is the 90th percentile of a in the interior of the cloud, and a env is the median value of a in the cloud-free environment. The distribution as well as the mean value of b is given for (a) actively growing clouds and (b) dissolving clouds. ACTOS with a spatial resolution in the decimeter range. The investigated clouds were classified into three stages of their life cycle according to criteria based on vertical velocity w and buoyancy acceleration B in the cloud interior (Katzwinkel et al. 2014) . A dataset of 177 actively growing, 91 decelerating, and 32 dissolving clouds has been identified, and this study focuses on the actively growing and dissolving stage. This work presents the first detailed analysis of cloud microphysical response to entrainment as a function of cloud evolutionary stage.
It is found that the cloud droplet number concentration N and cloud liquid water content (LWC) decrease strongly during the transition from the active to the dissolving stage. This decrease occurs in the cloud interior as well as in the edge region of the clouds. The mean volume diameter D y in contrast shows only a small decrease. This behavior is attributed to the presence of humidity shells around the observed clouds, which reduce the evaporation of cloud droplets during the entrainment and mixing. These areas of enhanced humidity increase in horizontal extent as the clouds transition from the active to the dissolving stages. No significant broadening of the cloud droplet number size distribution is observed during the transition from the active to the dissolving cloud stage.
Signs of secondary droplet activation are found in the droplet size distributions for about 46% of the observed clouds. It is found that there is a significant tendency from homogeneous mixing of actively growing clouds to more inhomogeneous mixing with increasing cloud life time, when only looking at clouds with purely monomodal size distributions. This is derived from mixing diagrams of individual clouds, as well as from two statistical analyses. These findings are supported by previous observations of shear-induced turbulence at the edges of actively growing clouds (e.g., Siebert et al. 2006b ). This increased local turbulence results in a reduced mixing time scale, which favors homogeneous mixing. Also, indications of an active collision-coalescence process were found in some clouds. Both secondary activation and collision-coalescence make the interpretation of mixing diagrams more complex. The additional droplet source/sink leads under certain conditions to somewhat ambiguous results, and further investigation of this important problem is needed.
